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The Hallmarks of Cancer

Hanahan and Weinberg, The Hallmarks of Cancer, Cell, 2000  

Hallmarks of Cancer: The Next Generation by Douglas Hanahan, Robert A. Weinberg, Cell
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The Tumor Microenvironment



Ralf Adams and Kari Alitalo, Nature Reviews Molecular Cell Biology 2007

Vasculogenesis Angiogenesis Lymphangiogenesis



Hellmut Augustin and Gou Young Koh, Science 2017

Organotypic vasculature: From descriptive heterogeneity 

to functional pathophysiology



Vascular phenotypes in healthy liver 



Comparison of BBB and LSEC Endothelium

Feature BBB Endothelial Cells Liver Sinusoidal Endothelial Cells 

(LSECs)

Barrier property Extremely tight barrier Highly permeable

Junctions Continuous tight junctions (claudins, 

occludin, ZO-1) that prevent 

paracellular diffusion

Discontinuous or fenestrated with open 

pores (100–200 nm) allowing plasma 

exchange

Basement membrane Thick and continuous Discontinuous or absent

Transport 

mechanisms

Selective transporters (e.g., GLUT1, 

ABC transporters) tightly regulate entry 

of nutrients

Nonselective diffusion of solutes and 

macromolecules

Pericytes & 

astrocytes

Supported by pericytes and astrocyte 

end-feet, forming a neurovascular unit

No astrocytic coverage; surrounded by 

hepatocytes and Kupffer cells

Main function Protects the brain by maintaining 

homeostasis and excluding toxins

Facilitates exchange for metabolism 

and detoxification





Angiogenesis in tumor progression

Small tumor

Angiogenic factors

Growing 

tumor

Metastatic spread

Tumor invasion &

intravasation

Extravasation

Metastatic 

Growth



Definition: Growth of new blood vessels from existing ones

Angiogenesis

Relevance: Necessary for tumor growth

Figure 13.30 Recruitment of capillaries by an implanted tumors 



Tumor vascularization

1. Angiogenesis : the formation of new blood vessels

2. Vascular co-option: use of preexisting vessels

3. Vascular mimicry: transdifferentiation of cancer cells 

to endothelial cells 



Figure 13.35 The Rip-Tag model of islet cell tumor progression.  

The angiogenic switch is essential for tumor expansion 



Normal microvasculature               Tumor vasculature

Multiple abnormalities of tumor blood vessels

Arteriole

Capillary

Venule

Tumor 
vessel



Tumor vessels are abnormal because they adapt to the 
abnormal microenvironment in tumors

- Abundant 

- Sprouting

- Upregulation of angiogenic molecules

- Leakiness 

Endothelial cell 

abnormalities of 

tumor vessels



Normal blood vessel                Tumor blood vessel

Luminal (inside) surface of blood vessel endothelium



Pericyte abnormalities of tumor blood vessel

Pericytes

Endothelial cells (CD31)   

Lewis lung carcinoma
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A Timeline of VEGF Discovery

Judah Folkman (1933-2008)

Effects of angiogenesis inhibitors

• On blood vessels? Stop the growth of new blood vessels

• On tumor cells? Stop tumor growth

Apte et al., Cell  Review 2019



Targeting VEGF family members and receptors

Sunitinib

Sorafenib

Axitinib

Aflibercept



VEGF as a vascular permeability modulator

Figure 13.33 Capillary permeability following an adenoviral expression of VEGF-A



Apte et al., Cell  Review 2019

FDA-approved drugs targeting VEGF-regulated pathways 
in oncology (in combination with other therapies)



Tumor vessels have abnormal endothelial cells and 
pericytes

Normal capillary:  Stable- insensitive to VEGF inhibitors

Tumor vessel:  Unstable- sensitive to VEGF inhibitors



VEGF inhibitor  1 dayPECAM-1

500 µmVEGF inhibitor  2 days VEGF inhibitor  7 days

Baseline

Regression of tumor blood vessels after VEGF inhibition
(pancreatic neuroendocrine tumor in RIP-Tag2 mouse)



Hurwitz et al. NEJM 350: 2335-42, 2004

15.6 20.3

Months of treatment

IFL: Irinotecan, Fluorouracil, and Leucovorin

4.7-month survival 

advantage (P < 0.001)

IFL + bevacizumab
N = 402

IFL + placebo
N = 411

Overall

 survival

(%)

Survival advantage in metastatic colorectal 

cancer with anti-VEGF antibody treatment 



Anti-VEGF antibody action in metastatic breast 

cancer: No significant overall survival advantage

Miller et al. NEJM 357:2666-76, 2007





Response to VEGF inhibition in liver metastases of RT2;AB6F1 

mice  (1-week treatment)



Acquired resistance to VEGF inhibition in liver metastases 

after prolonged treatment



What are the mechanism of resistance to 

VEGF inhibitor? 

1. Other growth factors – from tumor cells or inflammatory cells

2. Tumor cells can co-opt normal blood vessels 

3. VEGF-driven vessel regrowth can occur after VEGF 
inhibition is stopped

4. Intratumoral hypoxia can activate other angiogenic factors 
that drives invasion and metastasis



inhibitor

Days of 

treatment

Multiple effects of VEGF inhibition:  slowing of tumor growth,
vascular pruning, and induction of intratumoral hypoxia

Human pancreatic adenocarcinoma (Panc-1) 
Pimonidazole

CD31

0                      7                        14                      21

Vehicle



Angiogenesis inhibitorUntreated tumor in RIP-Tag2 mouse

Hypoxia (pimonidazole)Blood vessels (CD31)

Angiogenesis inhibitor actions on pancreatic neuroendocrine tumors:  

Hypoxia after rapid pruning of tumor vessels

100 µm



Effects of angiogenesis inhibitors

: Vascular normalization

• On blood vessels?

• On tumor cells?

Stop the growth of new blood vessels

Stop tumor growth

Destroy some existing blood vessels

Normalize surviving blood vessels

Kill tumor cells by starving the tumor

↑ Drug delivery?  

Rakesh Jain



Benefits of vascular normalization from angiogenesis inhibitors 

are dose- and time-dependent 

PNAS 2010



Targeting the tumor vasculature in cancer treatment

Tong et al. Caner Res 64: 3731-36, 2004
Rakesh Jain Science 307: 58-62, 2005



Tumor vascular abnormalities induce immune suppression



Nat Rev Immunol. 2018

Nat Rev Calin Oncol. 2018

Nat Rev Clin Oncol. 2018

Targeting the tumor vasculature to promote immune 

activation and increase immunotherapy efficacy

Finn et al., NEJM. 2020

Rini et al., Lancet. 2019



Anti-PD-L1 plus anti-VEGF in unresectable HCC

Finn., N Engl J Med 2020



Current clinical studies testing combinations of antiangiogenic agents 

and immune checkpoint inhibitors 



T cells

Tumor-associated 

macrophages (TAM)

Extracellular matrix (ECM)

Cancer-associated fibroblasts
Tumor vasculature

Dendritic cells

T cell

Macrophage

Tumor cell

Extracellular matrix

Fibroblasts

The mechanistic contribution of antiangiogenic therapy to clinical 

response when combined with immunotherapy remains elusive. 



Melanoma : highly aggressive cancer

Response to immune checkpoint 
inhibitor therapies

• Anti-PD-1: 5-year overall survival 
of 44%

• Anti-PD-1 + anti-CTLA-4: 5-year 
overall survival of 52%

• Primary resistance in 30-50% of 
patients and secondary resistance 
in 20-30%

Atkins et al., Clinical Cancer Res, 2021



High pretreament ANGPT2 expression associates with resistance 

to PD-1 blockade in melanoma patients 



Inflamed

Immune cells infiltrated

Immune excluded

CD8+ T cells accumulated but 

have not efficiently infiltrated

Immune desert

CD8+ T cells absent from tumor 

and its periphery

50 um

T-cell exclusion: a mechanism of immune evasion and resistance 

to immunotherapy

CD8



Angiopoietin-2 (ANGPT2)/TIE2 signaling pathway



Tumor periphery

Tumor core (>500 µm from tumor margin)

CD8

CD31

ANGPT2

Does ANGPT2 regulate spatial vascular changes in 

the tumors and contribute to T-cell exclusion in melanoma?  

S.C. YUMMER1.7 (Brafv600E, Pten-/-, and Cdkn2a-/-)



ANGPT2 upregulation and increased vascular leakage in the 
tumor periphery 



Functional studies for ANGPT2 in mice

(YUMM Exposed to Radiation)

Collaboration with Dr. Amanda Lund at NYU 



Reduced vascular leakage at the tumor periphery after 

ANGPT2 inhibition in melanoma

Anti-ANGPT2Control

Fibrin
CD31



Tumor periphery

Tumor core (>500 µm from tumor margin)

Control Anti-ANGPT2



ANGPT2 blockade exhibits significant anti-tumor efficacy in 
melanoma

Tumor apoptosis



CD8+ T cells mediate anti-tumor response to 

ANGPT2 inhibition 



ANGPT2 inhibition enhances anti-tumor efficacy 

of anti-PD-1 therapy 

YUMM1.7 (resistant to anti-PD-1)YUMMER1.7 (responsive to anti-PD-1)



Angiopoietin-2-dependent spatial vascular destabilization promotes 

T-cell exclusion and limits immunotherapy in melanoma

Park et al., Caner Res. 2023



Mechanistic insights into tumor immune activation mediated by 
ANGPT2 inhibition

Unpublished



Lee et al., J. Clin. Investig. 2023

ANGPT2 blockade suppresses growth of liver metastases from 

PanNET by promoting T cell recruitment 



• Overview of tumor angiogenesis — both phenotypic and functional 

aspects

• Mechanisms of tumor vascularization, including vascular co-option

• Effects of angiogenesis inhibitors and mechanisms of therapeutic 

resistance

• Concept of vascular normalization and its impact on immune 

stimulation

• Role of vascular normalization via ANGPT2 targeting in reducing T-

cell exclusion and enhancing immunotherapy efficacy (Kim Lab)

What we learned today



Vessel co-option and angiogenic switch

Holash et al., Science 1999

Ang2 or ANGPT2: angiopoietin-2

VEGF: vascular endothelial growth factor
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